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Proteomic and single-cell landscape reveals novel
pathogenic mechanisms of HBV-infected
intrahepatic cholangiocarcinoma

Yifei Shen,1,2,9 Shuaishuai Xu,3,9 Chanqi Ye,3,9 Qiong Li,3,9 Ruyin Chen,3,9 Wei Wu,3 Qi Jiang,3 Yunlu Jia,3

Xiaochen Zhang,3 Longjiang Fan,4 Wenguang Fu,5 Ming Jiang,6 Jinzhang Chen,7 Michael P. Timko,8,*

Peng Zhao,3,* and Jian Ruan3,10,*

SUMMARY

Despite the epidemiological association between intrahepatic cholangiocarci-
noma (ICC) and hepatitis B virus (HBV) infection, little is known about the relevant
oncogenic effects. A cohort of 32 HBV-infected ICC and 89 non-HBV-ICC patients
were characterized using whole-exome sequencing, proteomic analysis, and sin-
gle-cell RNA sequencing. Proteomic analysis revealed decreased cell-cell junction
levels in HBV-ICC patients. The cell-cell junction level had an inverse relationship
with the epithelial-mesenchymal transition (EMT) program in ICC patients. Anal-
ysis of the immune landscape found that more CD8 T cells and Th2 cells were pre-
sent in HBV-ICC patients. Single-cell analysis indicated that transforming growth
factor beta signaling–related EMT program changes increased in tumor cells of
HBV-ICC patients. Moreover, ICAM1+ tumor-associated macrophages are corre-
lated with a poor prognosis and contributed to the EMT in HBV-ICC patients. Our
findings provide new insights into the behavior of HBV-infected ICC driven by
various pathogenic mechanisms involving decreased cell junction levels and
increased progression of the EMT program.

INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is the second-most-common primary liver cancer with increasing inci-

dence and mortality worldwide.1,2 Data show that the incidence of ICC and ICC-related mortality rates have

been rapidly increasing globally over recent decades.3 While the etiology and pathogenesis are still not fully un-

derstood, the risk factors are gradually being established. Currently, the risk factors associated with ICC mainly

consist of ICC-specific risk factors, represented by bile-duct-related diseases including bile duct stones or cysts

and primary sclerosing cholangitis, and shared risk factors with hepatocellular carcinoma (HCC) including liver

fluke parasites, chronic hepatitis B virus (HBV) or hepatitis C virus infection, and certain toxins.4 ICC is associated

with low survival rates, and surgical resection is the only potentially curative intervention for ICC.5 Unfortunately,

ICC patients are typically diagnosed late in the disease state, and the tumors are most often unresectable at the

time of diagnosis, leaving conservative medicine as the only option, which remains limited.

The epidemiological linkage between HBV and HCC or ICC is well established, and earlier studies have

explored HCC genomic alterations and identified HBV-associated driver mechanisms involved in hepato-

carcinogenesis.6–8 Several studies have identified the genomic architecture of HBV-infected ICC tu-

mors.9–12 However, the relationship between HBV infection and ICC pathogenesis is not well characterized

at the gene expression level. Thus, a systematic and deeper understanding of HBV-ICC is required to eluci-

date its pathogenesis and identify potential therapeutic strategies. Traditionally, investigations were

mainly performed at the bulk-tumor level and have inherent limitations in providing precise information

on individual cells residing in a highly admixed tumormicroenvironment (TME). Single-cell sequencing pro-

vides an important advancement for the study of cancers.13 In this regard, only a very limited number of

studies of ICC have been carried out using single-cell analyses.

To dissect the pathogenic mechanisms in HBV-ICC, we systematically analyzed the genomic and proteomic fea-

tures and tumor immune environment of HBV-ICC (Figure 1A). In addition, we took advantage of the unique

1Department of Laboratory
Medicine, The First Affiliated
Hospital, Zhejiang University
School of Medicine,
Hangzhou 310000, Zhejiang
Province, People’s Republic
of China

2Key Laboratory of Clinical In
Vitro Diagnostic Techniques
of Zhejiang Province,
Hangzhou 310000, Zhejiang
Province, People’s Republic
of China

3Department of Medical
Oncology, The First Affiliated
Hospital, Zhejiang University
School of Medicine, & Key
Laboratory of Cancer
Prevention and Intervention,
Ministry of Education,
Hangzhou 310000, Zhejiang
Province, People’s Republic
of China

4Institute of Bioinformatics,
Zhejiang University,
Hangzhou 310000, Zhejiang
Province, People’s Republic
of China

5Department of
Hepatobiliary Surgery, The
Affiliated Hospital of
Southwest Medical
University, Luzhou 646000,
Sichuan Province, People’s
Republic of China

6The Children’s Hospital,
Zhejiang University School of
Medicine and National
Clinical Research Center for
Child Health, Hangzhou
310058, Zhejiang Province,
People’s Republic of China

7Department of Oncology,
Nanfang Hospital, Southern
Medical University,
Guangzhou 510000,
Guangdong Province,
People’s Republic of China

8Departments of Biology and
Public Health Sciences,
University of Virginia,
Charlottesville, VA 22904,
USA

Continued

iScience 26, 106003, February 17, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


multidimensional capacity of single-cell RNA sequencing (scRNA-seq) to delineate the multifaceted landscapes

and cell-cell interactions in HBV-ICC. Our studies found that the behavior of HBV-infected ICC is driven by

various pathogenicmechanisms involving decreases in cell-cell junction levels, increases in the epithelial-mesen-

chymal transition (EMT) program, and alterations in the immunosuppressive environment. These findings

allowed the identification of specific molecular targets for subsequent translational applications and provided

useful mechanistic information for the design of efficacious immune-oncology treatments in ICC.

RESULTS

Somatic mutation characteristics in HBV-ICC and non-HBV-ICC

To genetically characterize HBV-ICC and non-HBV-ICC, we performed whole-exome sequencing on 17

HBV-ICC and 54 non-HBV-ICC patients with a minimum of 20-fold coverage. We analyzed the whole-

exome sequencing (WES) data and identified 18,262 somatic synonymous and nonsynonymous mutations

(including single-nucleotide mutations and small insertions and deletions). The predominant somatic mu-

tation type was C:G > T:A transitions. Recurrent missensemutations in TP53 were observed in 12 of 71 (17%)

patients (Figure 1B). These mutations all impaired the DNA-binding domain of the TP53 protein, similar to
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Figure 1. The genomic landscape of HBV-ICC and non-HBV-ICC

(A) Overview of the experiment design.

(B) Significantly mutated genes in ICC patients.

(C) Differentially mutated genes between HBV-ICC and non-HBV-ICC patients.
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what has been frequently observed in ICC.9,11 FAT1, ATM, KRAS, and RASA1 were the second most

affected genes in six (8%) patients. In addition, five mutations were found in BAP1 and IDHA1, and four mu-

tations were found in each of the following genes: HLA-A, ARID1A, CREBBP, ERBB2, FGFR2, IDH2, KMT2B,

PBRM1, RNF43, SLX4, TET2, and TP53BP1 (Figure 1B). To further investigate the differences between HBV-

ICC and non-HBV-ICC patients, we compared HBV-ICC and non-HBV-ICC cohorts to detect differentially

mutated genes (Figure 1C). We performed Fisher exact test on all genes between the two cohorts to detect

differentially mutated genes. Interestingly, among all genes, we found FAT1 had a significantly higher mu-

tation rate in HBV-ICC patients (24%) than in non-HBV-ICC patients (4%). It was recently reported that in

mouse models and human cancers, FAT1 deletion promotes the acquisition of a hybrid EMT state present-

ing increased tumor stemness and metastasis.14

Proteomic analysis revealed decreased cell-cell junction level in HBV-ICC

To further characterize themolecular features of the HBV-ICC tumors, ICC tissues derived from 121 patients

(HBV-ICC n = 32, non-HBV-ICC n = 89) were procured for proteomics analysis (Figure 2A). A total of 10,888

proteins were identified and quantified with low batch variance. Differentially expressed protein (DEP) anal-

ysis was performed on data from HBV-ICC and non-HBV-ICC patients (Figure 2B). Eighty-six genes were

identified to have significantly changedbetweenHBV-ICCandnon-HBV-ICCpatients. Among the 86 genes,

84% (72/86) were downregulated, and 16% (14/86) were upregulated in the HBV-ICC. We further used the

DEPs to perform gene ontology (GO) enrichment analysis and found the GO function terms related with

cell junction organization (i.e., ‘‘desmosomeorganization’’ and ‘‘cell-cell junction organization’’) were signif-

icantly enriched in theDEPs (Figure 2C).We next conducted the gene set enrichment analysis (GSEA) based

on the total detected genes using the REACTOME pathway database. The results of this analysis also re-

vealed that cell junction organization-relatedpathways (i.e., ‘‘tight junction interaction’’ and ‘‘adherens junc-

tion interaction’’) were significantly downregulated in HBV-ICCpatients compared to those in non-HBV-ICC

patients (Figure 2D). Based on the DEP enrichment analysis and GSEA results, proteomic analysis revealed

decreased cell-cell junction level in HBV-ICC.We further performed a stepwise logistic regression to detect

the marker gene sets to distinguish HBV-ICC and non-HBV-ICC based on cell junction-related genes.15 A

gene set that included 8 genes (TJP1, CTNNA1, CTNNB1, CD9, PKP3, DSP, JUP, DSG2) was identified in

the analysis (Figure 2E). Based on the gene set, we calculated the cell-cell junction score (CCJ score) based

on thegene set variation analysis (GSVA) analysis in each sample. TheCCJ score could discriminate theHBV-

ICC and non-HBV-ICC patients successfully (Figure 2F). To further investigate the relationship between cell

junction level and survival rates of ICC patients, we performed a survival analysis between low- and high-

CCJ-score ICC patient groups. The results showed that patients with low CCJ scores had significantly lower

survival rates (p < 0.05) (Figure 2G). We next applied the CCJ score on the 30 The Cancer Genome Atlas

(TCGA) ICCpatients. The results of this analysis also showed that ICCpatients with lowCCJ scores had lower

survival rates than patients with high CCJ scores (Figure 2H).

The inverse relationship between cell-cell junction level and EMT program in ICC patients

It was previously reported that the first step of EMT is the disassembly of epithelial cell-cell contacts (i.e., tight

junctions [TJ], adherens junctions [AJ], desmosomes, and gap junctions).16 To further investigate the relation-

ship between the levels of cell-cell junctions and EMT in ICC, we compared the gene expression level of the

EMT biomarkers CDH1 (E-cadherin) and CTNNB1 (beta-catenin) in HBV-ICC and non-HBV-ICC patients. The

expression of these two biomarker genes was previously reported to decrease during the EMT process.17 The

results showed that the gene expression of CDH1 and CTNNB1 was significantly decreased in HBV-ICC pa-

tients compared to that in non-HBV-ICC patients (Figure 3A), suggesting a more rapid EMT in HBV-ICC pa-

tients. To further dissect whether the epithelial cell proportion decreased during the EMT in an HBV-ICC pa-

tient, we calculated epithelial cell abundance based on a deconvolution method ‘‘xCell’’ using the proteomic

Figure 2. Proteomic analysis revealed decreased cell-cell junction level in HBV-ICC patients

(A) Heatmap of DEGs expression level in HBV-ICC and non-HBV-ICC patients. (row: genes, column: patients).

(B) Volcano plot of DEGs between HBV-ICC and non-HBV-ICC patients. (green: higher in non-HBV-ICC; red: higher in HBV-ICC).

(C) GO enrichment analysis results based on DEGs.

(D) GSVA score of the cell junction-related pathways in HBV-ICC and non-HBV-ICC patients. Data are represented as medians and interquartile ranges.

(E) Heatmap of cell junction-related gene expression level.

(F) Cell-cell junction score (CCJ score) in HBV-ICC and non-HBV-ICC patients. Data are represented as medians and interquartile ranges.

(G) Survival analysis in ICC patients with low and high CCJ scores based on datasets generated in this study.

(H) Survival analysis in low- and high-CCJ-score ICC patients based on the TCGA ICC RNA-Seq dataset.
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dataset. The results of this analysis revealed that epithelial cell abundance was significantly lower in HBV-ICC

patients than in non-HBV-ICCpatients (Figure 3B). The relationship analysis revealed the decrease of epithelial

cell abundance was related with decreasing CDH1 expression level (increasing EMT) in HBV-ICC patients

(p < 0.01) (Figure 3C). Vimentin (VIM) is a gene that encodes the intermediate filament protein, which is char-

acteristically upregulated in cells undergoing EMT. To further investigate the relationship between the cell

junction level and EMT program, we performed a correlation analysis between CCJ score and the VIM

gene expression level. The results showed that the CCJ score was significantly negatively correlated with

the VIM expression level (R = �0.29, p < 0.01) (Figure 3D), which suggested the inverse relationship between

cell-cell junction levels and the EMT program in ICC patients. To further validate whether the epithelial cell

proportion decreased in ICC patients with a low cell-cell junction level, we conducted a correlation analysis

between the CCJ score and epithelial cell proportion in our ICC patients and TCGA ICC patients. The results

indicated that the cell junction level was significantly positively correlated with epithelial cell proportion in

both our ICC (p < 0.01) (Figure 3E) and TCGA ICC (p < 0.05) datasets (Figure 3F). Furthermore, we observed

greater expression of VIM and less expression of TJP1 and CTNNB1 in HBV-ICC patients based on immuno-

histochemistry (IHC) staining (Figure 3G).

More CD8 T cells and Th2 cells were found in HBV-ICC patients

We next dissected the immune landscape differences between HBV-ICC and non-HBV-ICC. The relative abun-

dance of 16 immune cell types was estimated by the ‘‘xCell’’ method based on the ICC proteomic dataset. A

significantly greater abundance of CD8 T cells, Th2 cells, and CD4 memory T cells were found in HBV-ICC pa-

tients than in non-HBV-ICCpatients (Figure 4A). To further investigate the relationship betweenCD8 T cell abun-

dance and cell-cell junction levels, we performed a correlation analysis between CD8 T cell abundance and CCJ

score. The results showed that CD8 T cell abundance had significantly inverse relationship with cell-cell junction

levels (p< 0.01) (Figure 4B). To validate these results, weperformeda correlation analysis between theCD8T cell

marker gene (CD8A) and CCJ score (Figure 4C). The results of this analysis provided further support for the

observed inverse correlation between cell-cell junction level and CD8 T cell abundance (p < 0.01). In addition,

we foundan inverse relationship between cell-cell junction level andCD8 T cell abundance in TCGA ICCpatients

(p < 0.05) (Figure 4D). Interestingly, VIM expression level was also observed to be significantly positively corre-

lated with CD8 T cell abundance (Figure 4E). A correlation analysis between CCJ score and Th2 cell abundance

was also found that Th2 cell abundance had a significant inverse correlation with cell-cell junction level (p < 0.01)

(Figure 4F), whereas Th2 cell abundance was significantly positively correlated with CD8 T cell abundance (Fig-

ure 4G). These results suggested that HBV-ICCpatients with low cell-cell junction levels andmore EMT transition

will havemoreCD8 T cells and Th2 cells. In addition, we observedmore CD8 cells in HBV-ICCpatients based on

IHC staining (Figure 4H).We also observedmore Th2 cells in HBV-ICC patients usingmulticolor immunofluores-

cence staining (Figure 4I).

To investigate the clinical role of the immune cell types identified in the present study, we performed Cox

regression analysis based on the cell type abundance and overall survival (OS) of ICC patients (Figure 4J).

Strikingly, we found that the accumulation of macrophages and Th2 cells was related to poorer OS. Also of

note, we found that the proportion of CD8 T cells present was not correlated with OS of the ICC patients,

suggesting that cytotoxicity of CD8 T cells might be suppressed in the HBV-ICC patients. Further single-cell

analysis confirmed that CD8 T cells were immunosuppressive in HBV-ICC patients, and higher expression

levels of immune checkpoints were found in the CD8 T cells of HBV-ICC patients (Figure 7).

A single-cell transcriptome map of HBV-ICC and non-HBV-ICC

To further investigate changes in the cancer cells and tumor-infiltrating lymphocytes between HBV-ICC and

non-HBV-ICC patients, we performed scRNA-seq experiments using samples from six ICC patients (two

Figure 3. The inverse relationship between cell-cell junction level and EMT program in ICC patients

(A) Gene expression level of the EMT biomarkers (CDH1, CTNNB1) in HBV-ICC and non-HBV-ICC patients. Data are represented as medians and

interquartile ranges.

(B) Epithelial cell abundance in HBV-ICC patients and non-HBV-ICC patients. Data are represented as medians and interquartile ranges.

(C) The relationship between epithelial cell abundance and CDH1 expression level.

(D) The relationship between CCJ score and VIM expression level.

(E) The relationship between CCJ score and epithelial cell proportion in our dataset.

(F) The relationship between CCJ score and epithelial cell proportion in TCGA datasets.

(G) Immunohistochemistry of cell junction and EMT-related proteins TJP1, CTNNB1, and VIM in representative HBV-HCC and non-HBV-ICC patients. Scale

bars, 50 mm. More than five fields each under 403 and 1003 magnification were examined.
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Figure 4. More CD8 T cells and Th2 cells were found in HBV-ICC patients

(A) Cell type abundance of CD8 T cells, Th2 cells, and CD4 memory T cells in HBV-ICC and non-HBV-ICC patients.

(B) The relationship between CD8 T cell abundance and CCJ score.

(C) The relationship between CD8A expression level and CCJ score.
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HBV-ICC patients and four non-HBV-ICC patients). Using the cleaned dataset derived from the six clinical

ICC patients, we conducted a principal component analysis using the most highly variable genes and

computed the linear dimension reduction on the first 100 principal components (PCs). Considering the

PC heatmap and PC elbow plot, we included the first 30 PCs in subsequent analyses. To visualize these

data, we applied a uniform manifold approximation and projection (UMAP) algorithm18 to perform

nonlinear dimensionality reduction. The single cells were stratified according to their global transcriptomic

landscape in two-dimensional space, indicating their gene expression similarity/difference (Figure 5A). The

results indicated that some cell clusters contained single cells from multiple patients, while others con-

sisted of cells primarily from one individual. On examining the expression of cell-type markers, tumor

markers, and copy number variation (CNV) in the single cells, the cell type identity was determined (Fig-

ure 5B). We found that malignant and nonmalignant cells clustered into distinct cell clusters, with malignant

cells (tumor cells) from different patients separated into different cell clusters while nonmalignant cells from

multiple patients admixed together (Figure 5A). We further calculated the proportion of each cell type

among all the cells. The results showed that HBV-ICC patients had more CD8 T cells than non-HBV-ICC

patients (Figure 5C), a finding consistent with the immune landscape analysis based on the proteomic data-

set (described above).

Transforming growth factor beta signaling–related EMT program increased in tumor cells of

HBV-ICC

To dissect the differences between HBV-ICC and non-HBV-ICC tumor cells, we first analyzed the genes

differentially expressed in the tumor cells in HBV-ICC and non-HBV-ICC patients. Among the differen-

tially expressed genes (DEGs), cell junction-related genes (e.g., JUP2, DSG2, DSP, CTNNB1) were signif-

icantly downregulated in the HBV-ICC tumor cells compared to those in non-HBV-ICC tumor cells (Fig-

ure 5D). This observation suggested decreased cell-cell junction levels in the HBV-ICC patients and

coincided with what we found in the proteomic dataset. We further used the DEGs to perform a GO

enrichment analysis. The GO function terms related with cell-cell junction organization (i.e., ‘‘cell junction

assembly’’ and ‘‘cell-cell junction organization’’) were significantly enriched in the DEGs (Figure 5E). In

addition, the expression level of EMT biomarker genes (i.e., VIM, FN1) were found to be significantly up-

regulated in the HBV-ICC tumor cells (Figure 5D), suggesting faster progression of EMT-related activity

in the HBV-ICC tumor cells.

To further investigate the pathways differing between the HBV-ICC and non-HBV-ICC tumor cells, we con-

ducted GSEA using ‘‘AUCell’’ based on the REACTOME pathway database. The results again showed that

cell-cell junction-related pathways such as ‘‘cell junction organization’’ and ‘‘tight junction interaction’’

were significantly downregulated in the HBV-ICC tumor cells (Figure 5F). In contrast, transforming growth

factor beta (TGFb)-signaling-related pathways associated with EMT (i.e., ‘‘TGFb-signaling,’’ ‘‘epithelial

mesenchymal transition,’’ and ‘‘TGFb-receptor signaling in EMT transition’’) were significantly upregulated

in tumor cells of HBV-ICC patients (Figure 5F) suggesting that TGFb-signaling is important in driving the

EMT transition increase in the HBV-ICC patients.

ICAM1+ tumor-associated macrophages are correlated with a poor prognosis in HBV-ICC

patients

To further understand the differences of tumor-infiltrating immune cells between HBV-ICC and non-HBV-ICC,

we next focused on the tumor-associated macrophages (TAMs) in the ICC TME because TAMs were found to

be a major immune cell type (Figure 5C) and significantly correlated with prognosis (Figure 4J) in the ICC

patients.

Figure 4. Continued

(D) The relationship between CD8 T cell abundance and CCJ score in the TCGA dataset.

(E) The relationship between CD8 T cell abundance and VIM expression level.

(F) The relationship between Th2 cell abundance and CCJ score.

(G) The relationship between CD8 T cell abundance and Th2 cell abundance.

(H) Immunohistochemistry of CD8 T cells in representative HBV-HCC and non-HBV-ICC patients. Scale bars, 50 mm.

(I) Representative immunofluorescent images of GATA3+CD4+ T cells (Th2 cells) in HBV-ICC and non-HBV-ICC patients. Scale bars, 50 mm. More than five

fields were examined for each sample under 403 and 1003 magnification.

(J) Association between relative cell abundance and patient survival (Cox regression analysis). Data are represented as hazard ratio and 95% confidence

intervals.
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Interestingly, we found that intercellular adhesion molecule-1 (ICAM1), one of the most significantly upre-

gulated genes in the HBV-ICC patients in the proteomic dataset, was expressed in the TAMs rather than

tumor cells (Figure 6A). Survival analysis revealed that a high ICAM1 expression level was correlated with

poor prognosis in the ICC patients (Figure 6B). Additionally, the results of single-cell analysis showed

that ICAM1 was significantly upregulated in the HBV-ICC TAMs compared with non-HBV-ICC TAMs

(Figures 6C and 6D). This observation is consistent with ICAM1 upregulation in HBV-ICC patients in the pro-

teomic dataset. We also observed frequent overlap of the ICAM1 and macrophages (CD68) in HBV-ICC

patients using multicolor immunofluorescence staining (Figure 6E). In addition, we found the expression

level of ICAM1 had a significant inverse correlation with the CCJ score in proteomic data (Figure 6F), sug-

gesting that the increased ICAM1 expression level in macrophages was related to decreasing cell-cell junc-

tion level in the tumor cells of HBV-ICC patients. Having found that TGFb-signaling-related EMT program

was increased in tumor cells of HBV-ICC patients, we further dissected the expression level of TGFB1

among all the cells. Strikingly, the TGFB1 expression level was significantly increased in the HBV-ICC

TAMs compared to non-HBV-ICC TAMs (Figures 6H and 6I). Further correlation analysis indicated that

TGFB1 and ICAM1 were significantly coexpressed in TAMs (p < 0.01). The results implied that ICAM1+

TAMs contribute to the EMT through TGFb-signaling pathways in HBV-ICC.

To understand the involvement of cellular status in the TAMs, we derived the pseudotime cell trajectory

of the TAMs in HBV-ICC patients (Figure 6J). LAIR1 (CD305) is a transmembrane glycoprotein19 consti-

tutively expressed on most mononuclear leukocytes20,21 and some cancer cells.22,23 Cross-linking of

LAIR1 on the surface of immune cells causes inhibitory functions.24 Interestingly, in the proteomic data-

sets, we found a significantly positive correlation between LAIR1 and ICAM1 gene expression levels (Fig-

ure 6G). Further examination of ICAM1 and LAIR1 expression levels using the pseudotime cell trajectory

analysis showed that ICAM1 and LAIR1 expression levels increased during TAMs’ transition toward a

more immunosuppressive state (Figure 6K). The results suggested that ICAM1+ TAMs were a subset

of immunosuppressive TAMs.

The immunosuppressive landscape of CD8 T cell immune checkpoints in HBV-ICC patients

Immune checkpoints function as ‘‘brakes’’ on T cell immune responses, resulting in the weakening of

T cell attack and immune tolerance/escape. In our proteomic analysis results, we found that the propor-

tion of CD8 T cells present in the HBV-ICC patients was increased. However, there is no significant rela-

tionship between the CD8 T cell proportion and prognosis. To further investigate whether the CD8 T cell

was immunosuppressive in HBV-ICC patients, we examined the expression of immune checkpoint com-

ponents in both tumor-infiltrating immune cells (i.e., CD8 T cells) and complementary antigen-presenting

cells (APCs) (i.e., tumor cells). Interestingly, we found that PDCD1 (PD-1) and TIGIT (T cell immunorecep-

tor with Ig and ITIM domains) had higher expression levels in the CD8 T cells of HBV-ICC patients (Fig-

ure 7A), and NECTIN2 (nectin cell adhesion molecule 2) had higher expression levels in tumor cells of

HBV-ICC patients (Figure 7B). We also observed more NECTIN2 and TIGIT in HBV-ICC patients based

on IHC staining (Figure 7C). Through pseudotime analyses, we observed the gradual transition of CD8

T cells toward the subpopulations with exhaustion status in HBV-ICC patients (Figure 7D). Such exhaus-

tion status for CD8 T cells was indicated by the upregulation of PDCD1 and TIGIT (Figure 7E). On eval-

uating the cell-cell interaction status based on ‘‘CellPhoneDB,’’ we estimated the relative contribution of

different coinhibitory checkpoints in shaping the immunosuppressive landscape in HBV-ICC (Figure 7F).

We identified a prominent coinhibitory signal via the TIGIT-NECTIN2 axis in complementary T cells and

tumor cells. NECTIN2 (also called PVRL2) was the most highly expressed gene in the PVR gene family in

these patients.

DISCUSSION

In this study, we systematically performed the genomic, proteomic, and single-cell transcriptomic analyses of

HBV-ICC and non-HBV-ICC in order to dissect the pathogenic mechanisms in HBV-ICC. Based on the genomic

Figure 5. scRNA-seq Suggests cell-cell junction level decreased and TGFb-signaling-related EMT program increased in tumor cells of HBV-ICC

(A and B) UMAP plot of single cells profiled in the presenting work colored by patient (A) and major cell types (B).

(C) Summary of the different major cell types identified in HBV-ICC and non-HBV-ICC patients.

(D) Expression level of cell junction-related genes and EMT biomarker genes in tumor cells in HBV-ICC and non-HBV-ICC patients.

(E) GO enrichment analysis results based on DEGs between HBV-ICC and non-HBV-ICC tumor cells.

(F) Comparison of pathway analysis results between HBV-ICC and non-HBV-ICC tumor cells.
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Figure 6. ICAM1+ TAMs are correlated with a poor prognosis in HBV-ICC

(A) ICAM1 expression level in HBV-ICC and non-HBV-ICC. Data are represented as medians and interquartile ranges.

(B) Survival analysis between low- and high-ICAM1-expressed ICC patients.

(C) ICAM1 expression level in major cell types in ICC patients.

(D) ICAM1 expression level in macrophages of HBV-ICC and non-HBV-ICC patients.
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analysis, we found that FAT1 had a significantly higher mutation rate in HBV-ICC patients than in non-HBV-ICC

patients. A recent study usingmousemodels and analysis of human cancers found that FAT1 deletion promotes

the acquisition of a hybrid EMT state that presents increased tumor stemness andmetastasis.14 They also found

that the epigenetic and transcriptional mechanisms that link a loss of cell polarity and cell adhesion with the in-

duction of a hybrid EMT phenotype occur downstream of the FAT1 deletion.14

To further investigate whether the EMT state changes during ICC development, we performed a proteomic

analysis in HBV-ICC and non-HBV-ICC patients. Our proteomic analysis revealed that HBV-ICC had

decreased cell-cell junction levels and that an inverse relationship existed between cell-cell junction level

and EMT program in ICC patients. The ability of epithelial cells to organize through cell-cell adhesion into a

functioning epithelium serves the purpose of a tight epithelial protective barrier. Contacts between adja-

cent cells are made up of TJ, AJ, and desmosomes with unique cellular functions and a complex molecular

composition.25 These proteins mediate firm mechanical stability, serve as a gatekeeper for the paracellular

pathway, and help in preserving tissue homeostasis. Dysregulation of cell junction adhesion has been

shown to be heavily implicated in the process of EMT.26 The dysregulation of these junctional proteins

is widely correlated in breast, prostate, ovarian, endometrial, lung, liver, and colorectal carcinomas.27,28

Our single-cell transcriptome analysis revealed that cell-cell junction level decreased and TGFb-signal-

ing-related EMT program gene expression increased in tumor cells of HBV-ICC.

Immune checkpoints are mechanisms that hamper T cell immune responses. However, immune checkpoint

inhibitors (ICIs) release these ‘‘brakes’’ to reactivate T cells to fight against cancer. ICIs offer better treat-

ment responses for advanced ICC patients. Indeed, the degree of T cell infiltration in tumors defines

T cellhigh/hot tumor or T celllow/cold tumor,29–31 and studies have suggested differential responsiveness

toward ICI treatment for hot and cold tumors.32,33 The presence of tumor-infiltrating lymphocytes (TILs)

could predict a better prognosis, indicating the enhancement of tumor T cell infiltration, particularly the

CD8 T cells, may provide a potential benefit for patients. Intriguingly, our current study found more CD8

T cells and Th2 cells in HBV-ICC patients. Single-cell transcriptome analysis revealed the immunosuppres-

sive landscape of CD8 T cells in HBV-ICC patients. These findings identify specific molecular targets for

subsequent translational applications and provide useful mechanistic information for the future design

of efficacious immune-oncology treatments in ICC.

ICAM1, also known as CD54, is a transmembrane glycoprotein in the immunoglobulin superfamily present

at basal levels in a wide variety of cell types and is upregulated in response to a number of inflammatory

mediators.34 ICAM1 is also believed to play an important role in several malignancies. In breast, gastric,

and colorectal cancers, increased ICAM1 expression in the cancer cells has been correlated with a more

favorable prognosis, suggesting a role of ICAM1 in the enhancement of immune surveillance.35–37

Conversely, potential involvement of ICAM1 expression in cancer invasion and metastasis has been re-

ported in melanoma, breast, gastric, pancreatic, and lung cancers.38–41 Thus, the biological significance

of ICAM1 expression in cancers remains controversial. In our current study, ICAM1 was significantly upre-

gulated in HBV-ICC compare to non-HBV-ICC. The results of our single-cell transcriptome analysis showed

that ICAM1 is mainly expressed in TAMs. ICAM1+ TAMs are correlated with a poor prognosis in HBV-ICC,

and earlier studies found that ICAM1 acts as a macrophage/cancer-cell adhesion molecule. However, the

exact role of ICAM1+ TAMs in ICC progression remains to be elucidated.

To the best of our knowledge, our study is the first to investigate the mechanism of HBV-ICC based on pro-

teomic and single-cell transcriptomic data. Our findings provide insight into the behavior of HBV-infected

ICC driven by various pathogenic mechanisms involving decreasing cell-cell junction level and increasing

EMT program. The analysis of the immunosuppressive landscape in HBV-ICC provides mechanistic infor-

mation for the design of efficacious immune-oncology treatments for ICC.

Figure 6. Continued

(E) Overlap of the ICAM1 andmacrophages (CD68) using multicolor immunofluorescence staining in HBV-ICC and non-HBV-ICC patients. Scale bars, 50 mm.

(F) The relationship between CCJ score and ICAM1 expression level.

(G) The relationship between LAIR1 and ICAM1 expression level.

(H) TGFB1 expression level in major cell types in ICC patients.

(I) TGFB1 expression level in macrophages of HBV-ICC and non-HBV-ICC patients.

(J) Pseudotime cell trajectory analysis on TAMs in HBV-ICC samples.

(K) Expression levels of CD163, ICAM1, and LAIR1 genes in TAMs along pseudotime.
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Limitations of the study

Our work has several limitations. First, in this study, although state-of-the-art technologies have been used, roles

of ICC have not been rigorously tested by in vitro or in vivo experiments. Second, the proteomics was done by

extracting proteins from the ICC paraffin sections; therefore, the proteins detected are derived from all different

cell types. The results will be more reliable if spatial-omics information could be included in the study.
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Figure 7. The immunosuppressive landscape of CD8 T cell in HBV-ICC patients

(A) TIGIT and PDCD1 had higher expression levels in the CD8 T cells of HBV-ICC patients.

(B) NECTIN2 had higher expression levels in tumor cells of HBV-ICC patients.

(C) Representative pictures of NECTIN2 and TIGIT in HBV-ICC and non-HBV-ICC patients by IHC staining. Scale bars, 50 mm.

(D) Pseudotime cell trajectory analysis on CD8 T cells in HBV-ICC samples.

(E) Expression levels of the PDCD1 and TIGIT genes in CD8 T cells along pseudotime.

(F) Immune checkpoint interactions between lymphocytes and APCs (tumor cells and TAMs).
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Materials availability
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Software and algorithms
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ll
OPEN ACCESS

iScience 26, 106003, February 17, 2023 17

iScience
Article

mailto:software233@zju.edu.cn
https://xena.ucsc.edu/
https://cran.r-project.org/
https://cran.r-project.org/web/packages/Seurat/index.html
https://cran.r-project.org/web/packages/Seurat/index.html
http://cole-trapnell-lab.github.io/monocle-release/
http://cole-trapnell-lab.github.io/monocle-release/
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/Teichlab/cellphonedb
https://github.com/aertslab/SCENIC
https://github.com/dviraran/xCell


EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample collection

This study was approved by the Medical Ethics Committee of the Affiliated Hospital of Southwest Medical

University (No. KY2019053) and NanFang Hospital of Southern Medical University (No. NFEC-2021-067 and

No. NFEC-2018-028). All participants provided written informed consent to take part in the study. Sample

tissues were obtained from the biopsies of 121 patients diagnosed with ICC. All samples were assessed by

pathological examinations. The detailed patient information is available in Table S1.

METHOD DETAILS

DNA extraction and library preparation

DNA extraction, library preparation, and target capture enrichment were performed.48 Briefly, genomic

DNA from white blood cells was extracted using the DNeasy Blood & Tissue Kit (Qiagen) and was applied

as the normal control to remove germline variations. After deparaffinizing the FFPE samples with xylene,

genomic DNA was extracted using the QIAamp DNA FFPE Tissue Kit (Qiagen). After quantification of

DNA with Qubit 3.0 using the dsDNA HS Assay Kit (Life Technologies), a Nanodrop 2000 (Thermo Fisher)

was used to evaluate the DNA quality. The KAPA Hyper Prep kit (KAPA Biosystems) was used to prepare

libraries.49 Briefly, 1–2 mg of genomic DNA was sheared by a Covaris M220 instrument into �350-bp frag-

ments. End repair, A-tailing, and adaptor ligation of fragmented DNA were performed with the KAPA Hy-

per DNA Library Prep kit (Roche Diagnostics). Agencourt AMPure XP beads (Beckman Coulter) were used

for size selection. DNA libraries were generated by polymerase chain reaction (PCR) followed by purifica-

tion using Agencourt AMPure XP beads. WES was performed with a customized xGen lockdown probe

panel (Integrated DNA Technologies). The blocking reagents were human cot-1 DNA (Life Technologies)

and xGen Universal Blocking Oligos (Integrated DNA Technologies). Dynabeads M�270 (Life Technolo-

gies) and the xGen Lockdown Hybridization and Wash kit (Integrated DNA Technologies) were used to

perform the capture reaction. PCR amplification was performed on captured libraries with KAPA HiFi

HotStart ReadyMix (KAPA Biosystems). The KAPA Library Quantification kit (KAPA Biosystems) was used

to quantify the purified library. Fragment size distribution was determined using an Agilent Bioanalyzer

2100 according to manufacturer’s recommendations.

Sequencing and analysis for genomic sequencing

The HiSeq4000 platform (Illumina) was used to generate 2 3 150-bp paired-end sequence reads from the

target-enriched libraries. bcl2fastq (v2.19) Conversion software was employed to demultiplex the

sequencing data and Trimmomatic50 was used to remove N and low-quality (quality <15)bases. The align-

ment of the data to the human reference genome HG19 was then performed by the Burrows-Wheeler

Aligner (bwa-mem),51 followed by further processing using the Picard suite (available at: https://

broadinstitute.github.io/picard/) and the Genome Analysis Toolkit (GATK).52 Single nucleotide polymor-

phism (SNP) and insertion/deletion (indel) calling for GATK was performed with VarScan253 and

HaplotypeCaller/UnifiedGenotyper, and the mutant allele frequency (MAF) cutoff was set as 0.5%. Com-

mon variants were removed according to dbSNP and the 1000 Genome project. The patients’ whole blood

controls were used to filter out the germlinemutations. TMBwas defined as the number of somatic, coding,

and base substitution, and indel mutations per megabase of the examined genome DNA, and was calcu-

lated.54 Briefly, all base substitutions were considered, including nonsynonymous and synonymous alter-

ations, and indels in the coding region of targeted genes, with the exception of mutations in known

hotspots in oncogenic driver genes and truncations in tumor suppressors.

Tandem mass tag (TMT) -based proteomic analysis

Formalin-fixed paraffin-embedded (FFPE) samples (0.5–1mg) were dewaxed and rehydrated and then sub-

jected to acidic hydrolysis with formic acid (FA). Proteins were denatured with 6 M urea (Sigma-Aldrich,

Germany) and 2 M thiourea (Sigma-Aldrich, Germany), and then digested into peptides with trypsin

(1:20, Hualishi, Beijing, China) and Lys-C (1:80, Hualishi, Beijing, China) with the assistance of pressure-

cycling technology (PCT).55,56 Peptides were labeled with TMTproTM 16 plex (Thermo Fisher Scientific�,

San Jose, USA).57 Each batch contained 15 experimental samples and one pooled sample in the

TMT126 channel for normalization. The fractions (60 per batch) were separated using offline high-pH

reversed-phase chromatography with a Thermo Dionex Ultimate 3000 RSLCnano System and then

combined to a total of 30 fractions per batch. Subsequently, the fractionated samples were separated

with a Thermo Dionex Ultimate 3000 RSLCnano System and then analyzed with a Q Exactive HF mass
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spectrometer using the data-dependent acquisition (DDA) mode (Thermo Fisher Scientific�, San Jose,

USA). The database searching included all reviewed human entries from UniProt (downloaded on 14 April

2020, containing 20,365 proteins) using Proteome Discoverer (version 2.4, Thermo Fisher Scientific�, Wal-

tham, MA).58,59

Pathway analysis based on proteomic dataset

DEP of cell subgroups were recognized by the DESeq2. |FC| > 2 and q value (false discovery rate) < 0.05

were used as the cut-off criteria. GO enrichment analysis was performed on these DEPs with R package

clusterProfiler.44 Single-sample GSEA (ssGSEA) was applied to evaluate the enrichment scores of each

sample. ssGSEA was conducted with the R package GSVA.60 The REACTOME gene sets were downloaded

from The Broad Institute.

Immune cell deconvolution

xCell47 is a webtool that performs cell type enrichment analysis from gene expression data for 64 immune

and stroma cell types. xCell is a gene signatures-based method learned from thousands of pure cell types

from various sources. We applied xCell to the proteomic datasets with the gene signature to estimate the

relative fractions of immune cell types and epithelial cells.

Tissue dissociation

RPMI 1640 (Gibco, Cat. no. 11875–093, US) containing1 mM protease inhibitor (Solarbio, Cat. no. P6730,

China), was used to transport ICC tissues. Tissues were digested with a dissociation enzyme cocktail pre-

pared by dissolving 2 mg/mL Dispase II (Sigma-Aldrich, Cat.42613-33-2 US), 1 mg/mL Type VIII Collage-

nase (Sigma-Aldrich, Cat. no. C2139, US), and 1 unit/mL DNase I (NEB, Cat. no. M0303S, US) in PBS with

5% fetal bovine serum (FBS; Gibco, Cat. no. 16000–044, US) for 40 min at 37�C. The cells were dissociated

and collected every 20 min, and then filtered using a 40 mm nylon cell strainer (Falcon, Cat. no. 352340, US).

Red blood cell lysis buffer (Invitrogen, Cat. US) with 1 unit/mL DNase I was used to remove red blood cells.

Finally, the cells were washed in PBS with 0.04% BSA (BSA; Sigma-Aldrich, Cat. no. B2064, US).

scRNA-seq library preparation and sequencing

The concentration of the single-cell suspension was computed with a Countess� Automated Cell Counter

(Thermo) and adjusted to 1000 cells/mL. Cells were loaded according to the Chromium single-cell 30 kit
standard protocol to capture 5,000–10,000 cells/chip position (V2 chemistry). The library construction

and all subsequent procedures were performed according to the manufacturer’s standard protocol.

scRNA-seq data sequencing

Illumina HiSeq X Ten was used to obtain single-cell libraries using 150 nt paired-end sequencing.

Cell Ranger (version 2.2.0) was used to process the raw data, demultiplex cellular barcodes, map reads to

the transcriptome, and down-sample reads (as required to generate normalized aggregate data across

samples). These process produced a raw unique molecular identifier (UMI) count matrix, which was con-

verted into a Seurat object by the R package Seurat42 (version 3.0.0). Cells with UMI numbers <1000 or

with over 10% mitochondrial-derived UMI counts were considered low-quality cells and were removed.

In order to eliminate potential doublets, single cells with over 6000 genes detected were also filtered

out. Following removal of the poor-quality cells and doublets, a total of 18,171 cells were retained for

downstream analyses. Library size normalization was performed in Seurat on the filtered gene–cell matrix

to obtain the normalized UMI (unique molecular identifier) count data. Statistical assessment of possible

batch effects was performed using the R package k-BET (a robust and sensitive k-nearest neighbor

batch-effect test).61 k-BET was run on major immune cell types including B, CD4 and CD8 T cells separately

with default parameters. A control dataset with known significant batch effects was included to assist with

data interpretation. We chose the k input value from 1% to 100% of the sample size. In each run, the number

of tested neighborhoods was 10% of the sample size. The mean and maximal rejection rates were then

calculated based on a total of 100 repeated k-BET runs. A low rejection rate indicates homogeneousmixing

of samples from different batches. k-BET results suggested minimal batch effects in this dataset.
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Cell clustering of scRNA-seq data

Seurat was applied to the normalized gene–cell matrix to identify highly variable genes for unsupervised

cell clustering. To identify highly variable genes, the MeanVarPlot method in the Seurat package was

used to establish the mean–variance relationship of the normalized counts of each gene across cells. To

reduce the dimensionality of the scRNA-Seq dataset, principal component analysis (PCA) was performed

on an integrated data matrix. The top 30 PCs were used to perform the downstream analysis using the El-

bowplot function of Seurat. The main cell clusters were identified with the FindClusters function of Seurat,

with resolution set as default (res = 0.8). Clusters were were visualized with 2D tSNE or UMAP plots.

Determination of major cell types of scRNA-seq data

To define the major cell type of each single cell, differentially expressed genes (DEGs) were identified for

each cell cluster using the FindAllMarkers analysis in the Seurat package and the top 30 most significant

DEGs were carefully reviewed. In parallel, feature plots were generated for the top 30 DEGs and a sug-

gested set of canonical immune and stromal cell markers followed by a manual review process.62 Enrich-

ment of these markers (for example, EPCAM for epithelial cells, PTPRC for immune cells, CD3D/E for

T cells, CD8A/B for CD8 T cells, IL7R/CD4/CD40LG for CD4 T cells, CD19/MS4A1/CD79A for B cells,

COL1A1/COL1A2 for fibroblasts, and so on) in certain clusters was considered a strong indication of the

clusters representing the corresponding cell types. The two approaches were combined to infer major

cell types for each cell cluster according to the enrichment of marker genes and top-ranked DEGs in

each cell cluster.62

Inference of large-scale CNVs of scRNA-seq data

The tool inferCNV (https://github.com/broadinstitute/inferCNV) was applied to infer the large-scale CNVs

from scRNA-seq data, and monocytes from this dataset were used as a control for CNV analysis. Initial

CNVs were estimated by sorting the analyzed genes by their chromosomal locations and applying a mov-

ing average to the relative expression values, with a sliding window of 100 genes within each chromo-

some.63 Finally, malignant cells were distinguished from normal cells based on the information integrated

from multiple sources, including cluster distribution of the cells, marker gene expression, inferred large-

scale CNVs and aneuploidy status.

Inferring cell-cycle stage of scRNA-seq data

The cell-cycle stage was computationally assigned for each individual cell by the function CellCycleScoring

that is implemented in Seurat. Cell-cycle stage was inferred based on the expression profile of the cell-cy-

cle-related signature genes.64

Transcription factor analysis of scRNA-seq data

SCENIC46 is a computational method used in the construction of regulatory networks and in the identifica-

tion of different cell states from scRNA-seq data. To measure the difference between HBV-ICC and

nonHBV-ICC tumor cells based on transcription factors or their target genes, SCENIC was performed on

all single cells, and the preferentially expressed regulons were calculated by the Limma package.65 Only

regulons significantly upregulated or downregulated in at least one cluster, with adj. p value <0.05, were

involved in further analysis.

Trajectory inference for cells of scRNA-seq data

To map differentiation in the TME, pseudotime analysis was performed with Monocle243 in order to deter-

mine the dramatic translational relationships among cell types and clusters. Further detection with the

Monocle2 plot_pseudotime_heatmap function revealed the key role of a series of genes in the differenti-

ation progress. Significantly changed genes were identified by the differential GeneTest function in

Monocle2 with a q-value <0.01.

Cell–cell communication analysis of scRNA-seq data

CellPhoneDB45 is a Python-based computational analysis tool which enables analysis of cell–cell commu-

nication at the molecular level. A website version was also provided for analysis of a relatively small dataset

(http://www.cellphonedb.org/). Single cells that were clustered into different cell types were investigated

using the software to determine interaction networks. Interaction pairs have p-values <0.05 returned by

CellPhoneDB, were selected for the evaluation of relationships between cell types.
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Correlation to public datasets

Transcriptome data from The Cancer Genome Atlas (TCGA) ICC datasets were obtained from UCSC XENA

(https://xena.ucsc.edu/). Clinical information was obtained from cBioPortal (https://www.cbioportal.org/).

IHC staining for tissue sections

Tumor tissues were fixed with 4% (v/v) paraformaldehyde before embedding them in paraffin. Tissue sec-

tions (4 mm) were later deparaffinized with xylene and rehydrated in a graded alcohol concentration series.

Antigen epitope retrieval was induced by microwave heating. Tissue sections were then blocked for 1h, at

room temperature, in goat serum blocking solution (Proteintech, B900780, China) and PBS (PBS). Tissue

samples were incubated with primary antibody overnight at 4�C and the following day tissue the samples

were stained using an anti-mouse/rabbit universal immunohistochemical detection kit (pk10006, protein-

tech) following the manufacturer’s instructions. Mounted sections were examined by light microscopy

(Leica), and images were analyzed with Image-Pro Plus 448 (version 6.0).

Immunofluorescence staining for tissue sections

Tissue samples were deparaffinized with xylene and rehydrated with graded alcohol concentration series.

Antigen epitope retrieval was induced by microwave heating. Tissue sections were permeabilized with

0.2% 452 Triton X-100 and then blocked with 5% BSA, for 1h, at room temperature, and then incubated

with the primary antibody, overnight, at 4�C. The following day, tissue sections were washed with PBS three

times. Samples were then stained with fluorescent secondary antibodies (Invitrogen, USA) in the dark, for

1h, at room temperature, and then washed with PBS three times before mounting them onto slides using

Mowoil supplemented with DPAI to stain the nucleus. Finally, a confocal microscope (Nikon, Japan) was

used to take images of ICCA tissue samples and the acquired images were analyzed using ImageJ (version

4.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fisher’s exact tests (nonparametric) and Chi-square tests (parametric) were used to assess the associations

of categorical variables, while theWilcoxon rank-sum test (nonparametric) and Student’s t test (parametric)

were used to assess the associations of continuous variables. Kaplan–Meier estimates with log rank tests

among strata, and Cox proportional-hazards regression models were employed to analyze survival data.

Survival analysis was performed with the ‘‘survival’’ package.
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